Abstract: Background & Objective: Thioredoxin-interacting protein (TXNIP) also known as thioredoxin binding protein-2 is a ubiquitously expressed protein that interacts and negatively regulates expression and function of Thioredoxin (TXN). Over the last few years, TXNIP has attracted considerable attention due to its wide-ranging functions impacting several aspects of energy metabolism. TXNIP acts as an important regulator of glucose and lipid metabolism through pleiotropic actions including regulation of β-cell function, hepatic glucose production, peripheral glucose uptake, adipogenesis, and substrate utilization. Overexpression of TXNIP in animal models has been shown to induce apoptosis of pancreatic β-cells, reduce insulin sensitivity in peripheral tissues like skeletal muscle and adipose, and decrease energy expenditure. On the contrary, TXNIP deficient animals are protected from diet induced insulin resistance and type 2 diabetes. Summary: Consequently, targeting TXNIP is thought to offer novel therapeutic opportunity and TXNIP inhibitors have the potential to become a powerful therapeutic tool for the treatment of diabetes mellitus. Here we summarize the current state of our understanding of TXNIP biology, highlight its role in metabolic regulation and raise critical questions that could help future research to exploit TXNIP as a therapeutic target.
INTRODUCTION
Cellular Redox balance (reduction/oxidation) is tightly controlled by the activity of several antioxidant systems including thioredoxin (TXN), a thiol oxidoreductase system that comprises of TXN, TXN reductase, and NADPH [1] [2] [3] . TXN is ubiquitously expressed in almost all species and plays a vital role in regulating cellular redox status. Oxidized proteins produced by reactive oxygen species (ROS) (generated as a result of aerobic metabolism) are reduced by the oxidoreductase activity of TXN. Oxidized TXN generated in the process is subsequently reduced by NADPH-dependent TXN reductase (Fig. 1) . Thioredoxin interacting protein (TXNIP) binds and negatively modulates the activity of TXN, thereby influencing the cellular redox balance. TXNIP is a small 38 kDa protein that was originally named vitamin D upregulated protein-1 (VDUP-1), since it was identified in *Address correspondence to this author at the Experimental Medicine, King Abdullah International Medical Research Center (KAIMRC), King Saud Bin Abdulaziz University for Health Sciences (KSAU-HS), Ministry of National Guard Health Affairs (NGHA), Riyadh, Saudi Arabia; Tel: +966(11) 429-9999; Ext. 94541; E-mail: mohammadsa1@ngha.med.sa HELA cells that were stimulated with Vitamin D3 [4, 5] . But successive studies on TXNIP promoter analysis did not reveal a consensus vitamin D response element and vitamin-D induced transcription of TXNIP was not confirmed in other cell types [6] . TXNIP directly binds to two cysteine residues at the active catalytic site of TXN, thus impeding its reducing potential [7] . TXNIP can bind only to reduced form of TXN and requires two redox active cysteine residues on each protein [7] . This disulphide exchange reaction between TXNIP and reduced TXN is indispensable for the interaction between two proteins. TXNIP undergoes a structural reorganization upon binding to TXN, which involves formation of a de novo TXNIP Cys247-TXN Cys32 disulphide bond. TXNIP belongs to the family of α-arrestins but these cysteine residues are not preserved in the proteins of α-arrestins, thus, TXNIP is unique in its property to bind TXN and regulate its activity [7] .
In the last few years, TXNIP has emerged as a key regulator of glucose and lipid metabolism and it has been shown to influence metabolic regulation via multiple actions including insulin release from pancreatic β-cells, glucose production from liver and glucose uptake from peripheral tissues like muscle and adipose [8] [9] [10] [11] [12] [13] . TXNIP also impacts whole body metabolism by acting as a nutrient sensor in discrete regions of brain and playing a vital role in the regulation of fuel utilization and energy expenditure [14, 15] . In addition, genetic and epigenetic variations in TXNIP are associated with chronic metabolic disorders such as diabetes and hypertension [16] [17] [18] [19] [20] [21] . Interestingly, metformin and Glucagon like peptide-1 (GLP-1) agonists have been shown to downregulate the expression of TXNIP, which may contribute to their therapeutic efficacy in the treatment of diabetes mellitus [22] [23] [24] [25] [26] [27] . As a result of these important findings, TXNIP has generated significant interest as a potential therapeutic target for the management of diabetes and other metabolic disorders. Fig. (1) . TXNIP reduces the activity of thioredoxin system by direct interaction with thioredoxin (TXN) protein.
TXNIP IS A KEY REGULATOR OF PANCREATIC β-CELL BIOLOGY
Pancreatic β -cells play a vital role in metabolic regulation by sensing blood glucose levels and secreting hormone insulin, the main actor in charge of maintaining glucose homeostasis in the body. β-cell loss results in Type 1 diabetes mellitus (T1DM) and dysfunction of β -cells together with peripheral insulin resistance are essential components in the development of Type 2 diabetes mellitus (T2DM). Intense research efforts are ongoing to have a comprehensive understanding of β -cells gene expression in general and glucoseinduced changes in particular to identify novel proteins that could be exploited to restore β-cell function and reestablish metabolic regulation in subjects with diabetes mellitus. In human islets, one of the strongly upregulated genes in response to glucose turned out to be TXNIP, signifying that it might play a key role in β-cell biology and possibly in metabolic disorders [28] . This discovery was particularly important since β-cells are susceptible to oxidative stress, and cell death due to apoptosis is a key factor in the pathogenesis of both type 1 and type 2 diabetes. Subsequent studies confirmed glucose induced stimulation of TXNIP expression in primary islets and we as well as in INS-1 β-cell line by quantity real-time PCR and immunoblotting [29] . TXNIP was shown to contain a well conserved E-box repeat that functions as a binding site for the carbohydrate response element binding protein (ChREBP) [29] . Predictably, TXNIP expression is markedly elevated in rodent models of diabetes mellitus and has a significant impact on the functioning of pancreatic β -cells [30] [31] [32] .
Several studies have shown TXNIP to be critical link between glucose toxicity and β-cell apoptosis [33] [34] [35] [36] . Elevated glucose levels are known to have damaging effects on pancreatic β-cells and results in dysfunction of β-cells, reduction of insulin production and cell death by apoptosis. TXNIP plays a pivotal role in mediating the detrimental effects of elevated glucose on β-cells [34, 37] . TXNIP induces apoptosis of β-cells primarily by activating the mitochondrial death pathway through the stimulation of Apoptosis signalregulating kinase 1 (ASK1) and involves cytochrome release and caspase -3 activation [38] . Saxena et al. demonstrated that TXNIP (localized primarily in cytosol and nucleus under normal conditions) translocates to the mitochondria in response to increased oxidative stress where it interacts with TXN-2 (mitochondrial TXN) [39] . TXN-2 is part of the mitochondrial antioxidant defense mechanism and it binds and inhibits the activity of ASK-1. TXNIP competes with ASK-1 to bind to TXN-2 resulting in the release of ASK-1 and initiation of the apoptotic signaling cascade in pancreatic β -cells [39] . Besides the activation of the mitochondrial death pathway and phosphorylation and activation of ASK1, TXNIP promotes β -cell apoptosis through the increased expression of pro-apoptotic miR-200 and inhibition of Zinc finger E-box-binding homeobox 1 (ZEB1) expression [40] . TXNIP has also been shown to mediate glucose dependent upregulation of islet amyloid polypeptide [41, 42] . Islet amyloid polypeptide (IAPP) is known to promote inflammation and beta-cell toxicity by aggregating into insoluble amyloid fibrils found in islets of most individuals with type 2 diabetes [43] [44] [45] . In addition, TXNIP controls the most significant β -cell function, i.e. expression and production of insulin [13, 46] .
TXNIP CONTROLS PERIPHERAL INSULIN SEN-SITIVITY AND ADIPOGENESIS
TXNIP is expressed in metabolically important tissues like liver, adipose and skeletal muscle and is considered to be a key player in the regulation of glucose homeostasis [34] . The importance of TXNIP in metabolic regulation came to the fore when a mice strain (HcB-19) with a spontaneous nonsense mutation in TXNIP gene was found to have hyperlipidemia and features of dysregulated lipid metabolism [47] . The nonsense mutation resulted in a truncated TXNIP peptide lacking the region of the C terminus required for TXN binding. Several lines of evidence from subsequent studies have established the role of TXNIP in regulating multiple aspects of glucose and lipid metabolism in peripheral tissues of humans and rodents. Similar to β-cells, the expression of TXNIP is upregulated by glucose and repressed by insulin in human muscle and in cultured adipocytes [34] . Consistent with this, the expression of TXNIP is elevated in the skeletal muscle and adipose of T2DM subjects and is inversely correlated with whole body insulin stimulated glucose disposal [34] . Additionally, genetic manipulation of TXNIP expression affects both basal and insulin-stimulated glucose uptake in cultured adipocytes and in primary skeletal muscle myocytes. Overexpression of TXNIP diminished basal as well as insulin stimulated glucose uptake in human skeletal muscle myocytes and 3T3 L1 adipocytes [34, 48] . On the contrary, forced reduction of TXNIP expression by gene silencing significantly improved both basal and insulin-stimulated glucose uptake in these cells. Genetic ablation of TXNIP in mice enhances tissue insulin sensitivity and confers protection against diet-induced insulin resistance and development of T2DM [34] . TXNIP has also been shown to be a key component in the improvement of insulin sensitivity in response to caloric restriction (CR) in obese subjects. CR for 16 weeks resulted in marked reduction of TXNIP levels in the skeletal muscle of obese adults, which significantly correlated with the improvement in insulin sensitivity and enhanced non-oxidative disposal of glucose [49, 50] . Besides, TXNIP inhibits the process of adipogenesis in cultured cells and in animal models [51] [52] [53] . TXNIP null mice gain more weight and have higher fat mass, when fed on a high fat diet compared to the WT animals [52] . Interestingly, in spite of increased adiposity, TXNIP null mice have improved insulin sensitivity and do not develop features of metabolic syndrome. In 3T3 L1 adipocyte cells, TXNIP overexpression blunted adipogenesis whereas silencing of TXNIP enhanced differentiation of adipocytes. Similarly, embryonic fibroblasts (MEFs) derived from TXNIP knockout mice, show a marked increase in their potential to differentiate into mature adipocyte as compared to wild-type control MEFs [52] .
TXNIP IS A KEY REGULATOR OF HEPATIC GLUCOSE PRODUCTION
Several studies have demonstrated that TXNIP plays a critical role in hepatic glucose production. HcB-19 mice and TXNIP knockout mice have inherent defect in maintaining blood glucose levels through glucose production [10, 54, 55] . Liver specific TXNIP knockout mice suffer from fasting hypoglycemia and elicit a diminished response to glucagon [52] . Hepatocytes isolated from TXNIP deficient animals produce significantly less glucose as compared to hepatocytes obtained from their wild type (wt) littermates. These hepatocytes are free from the influence of circulating hormones and substrates and recapitulate the observed in vivo metabolic abnormalities, supporting the evidence for an intrinsic defect in regulation of hepatocyte metabolism. No apparent flaw was noticed in glycogen metabolism and the activity of key gluconeogenic enzymes Glucose-6-phosphatase (G6-P) and Phosphoenolpyruvate carboxykinase (PEPCK) was unchanged in TXNIP deficient mice compared to their wt littermates [52] . TXNIP has been shown to influence cellular redox state and alter NADP/NADPH and NAD/NADH concentrations. This could have potentially explained the changes in glucose production from liver, since changes in the cellular redox state are known to control gluconeogenesis [56, 57] . However, in the fasted state, there was no significant difference in the ratios of NADP/NADPH and NAD/NADH and therefore, the altered redox state does not explain the changes seen in fasted TXNIP-deficient mice [10] . Interestingly, TXNIP deficiency only affected glucose production from lactate and not glycerol and TXNIP overexpression was associated with increased glucose production from lactate whereas glucose production from glycerol remained unchanged. In addition, the authors observed increased ketogenesis in TXNIP deficient animals. Together these results suggest that TXNIP deficiency affects mitochondrial function that leads to preferential routing of acetylCoA toward ketogenesis rather than gluconeogenesis. Hui et al. also showed that phosphoenolpyruvate a common precursor to glucose and lipids was selectively shunted to glyceroneogenesis rather than gluconeogenesis in HcB-19 mice [55] . Indeed, TXNIP deficient mice secrete more triglycerides from the liver, which can be attributed to increased fatty acid synthesis [10, 58] .
NEURONAL TXNIP ACTS AS A NUTRIENT SEN-SOR AND REGULATOR OF ENERGY EXPENDI-TURE
TXNIP is highly expressed in discrete areas of hypothalamus and brainstem, which are critical centers of metabolic regulation suggesting the importance of neuronal TXNIP in the regulation of metabolic homeostasis and energy balance [59, 60] . Indeed, Blouet et al. demonstrated that hypothalamic TXNIP responds to hormonal and nutrient signals, and regulates adipose tissue metabolism and glucose homeostasis [15] . Hypothalamic expression of TXNIP is repressed by anorexigenic indicators (refeeding, insulin and leptin) and stimulated during fasting in healthy lean mice. TXNIP expression is elevated in various mouse models of obesity and diabetes and downregulation of hypothalamic TXNIP expression prevents diet-induced obesity and insulin resistance. Thus, hypothalamic TXNIP plays a critical role in nutrient sensing and the regulation of fuel utilization. Subsequent studies elucidated the role of TXNIP in Agouti-related protein (AGRP) neurons in mediating diet-induced obesity through the regulation of energy expenditure and adipose tissue metabolism [14] . Mice overexpressing TXNIP in AGRP neurons are vulnerable to diet-induced obesity because of increased adipogenesis and decreased energy expenditure. In contrast, AGRP neuron specific deletion of TXNIP protects the animals from diet-induced obesity by increasing energy expenditure and reducing adipose tissue storage. TXNIP is strongly upregulated during fasting induced and natural torpor (reduced body temperature and metabolic rate) and is believed to act as a key nutrient sensor to regulate energy homeostasis within the brain during prolonged periods of hypothermia and fasting [61] . The multiple functions of TXNIP in regulating metabolic homeostasis are summarized in Fig. (2) . Fig. (2) . TXNIP controls multiple aspects of energy metabolism by regulating key processes in adipose, brain, liver, muscle and pancreatic β-cells.
TXNIP REGULATES METABOLIC HOMEOSTA-SIS THROUGH MULTIPLE MECHANISMS
TXNIP functions primarily through the inhibition of TXN activity, which is a component of TXN system that plays a vital role in maintaining a reducing environment in the cell [62, 63] . Over-abundance of TXNIP impairs the protein reducing activity of TXN that leads to increased oxidative stress by generating excess reactive oxygen species (ROS) [64, 65] . Low levels of ROS are important for optimal cellular signaling but excessive generation of ROS impairs pancreatic cell function and reduces insulin sensitivity in skeletal muscle and adipose [66] [67] [68] [69] . TXNIP is also involved in NOD-like receptor Protein-3 (NLRP3) inflammasome activation in a redox dependent manner [70, 71] . NLRs are present in cytoplasm where they act as receptors and detect danger signals emanating from cells undergoing stress, damage or abnormal death as well as by exogenous signals coming from pathogens. Once activated some NLRPs including NLRP3 form large protein complexes (inflammasome) that are responsible for the activation of caspase-1 and -5, which ultimately leads to the proteolytic activation of the proinflammatory cytokines [72] . TXNIP initiated NLRP3 inflammasome activation has been implicated in obesityinduced insulin resistance and beta cell failure [73] [74] [75] . Interestingly, the TXNIP KO mouse is similar to the Nlrp3 KO mouse in exhibiting improved glucose tolerance and insulin sensitivity [70] .
Although TXNIP was initially thought to exert most of its actions through the inhibition of TXN activity, evidence from several studies has indicated that many of the metabolic functions of TXNIP are independent of its ability to bind and inhibit TXN. Much of the information about TXN independent functions of TXNIP have come from the use of a missense variant of TXNIP (C247S) in which, substitution of cysteine by serine abolishes the ability of TXNIP to bind to TXN [7, 12] . Using this variant, Patwari et al. were the first to show that a major function of TXNIP, inhibition of glucose uptake does not require binding to TXN [7] . The authors observed that WT, C247S TXNIP or a related α -arrestin (Arrdc4 that does not bind TXN) impaired glucose uptake to a similar extent when overexpressed in 3t3 L1 adipocytes. Using TXNIP mutants and chimeric α-arrestins, the authors suggested that the metabolic functions of TXNIP and Arrdc4 are intrinsic to the arrestin domains and are essentially independent of TXN binding [7] . Subsequent studies revealed that TXNIP inhibits cellular glucose uptake by regulating the expression and modulating the localization of glucose transporter (Glut1) [76] . Loss of TXNIP in HEPG3 cells was accompanied by a dramatic increase in the expression of Glut1 mRNA suggesting a direct transcriptional control. The upregulation of Glut1 mRNA correlated with the increase in the glucose uptake by these cells. In addition, coimmunoprecipitation experiments revealed that TXNIP directly interacts with Glut1 and reducing its plasma membrane expression by facilitating its endocytosis [76] .
TXNIP also inhibits glucose uptake by inhibiting glycolysis and increasing oxidative metabolism of pyruvate [77] . Deletion of TXNIP drives metabolic reprogramming toward aerobic glycolysis and cells lacking TXNIP show increased glucose uptake and lactate accumulation. TXNIP inhibits glycolysis by downregulating the expression of key glycolytic enzymes through the inhibition of hypoxia-induced transcription factor (HIF1α) expression [78] . HIF1α is responsible for increasing the glycolytic metabolism of glucose by upregulating the transcription of key glycolytic enzymes [79, 80] . TXNIP also regulates and activates Phosphatase and tensin homolog (PTEN) lipid phosphatase by a REDOXsensitive mechanism [81] . PTEN is a natural inhibitor of PI3 kinase/AKT pathway and its activation negatively regulates glucose uptake and metabolism [82] . PTEN contains two cysteine residues in its active site that must remain in reduced state to maintain its phosphatase activity [83, 84] . PTEN activity is inhibited by insulin and growth factors by oxidation and formation of a disulphide bond between these cysteines. PTEN can be re-activated by reduction of cysteine residues by thioredoxin NADP (H) [85, 86] . Thioredoxin NADP(H)-mediated reactivation of PTEN is inhibited by NADH [87] . Loss of TXNIP results in the impairment of mitochondrial oxidation and increased NADH/NADP(H), which in turn blocks the reductive reactivation of PTEN, thus activation of AKT. Therefore, TXNIP deficiency is associated with inactivation of PTEN and increased PI3K/AKT signaling that leads to enhanced glucose transport and metabolism [81, 88] . TXNIP control of glucose uptake and breakdown is summarized in Fig. (3) . Fig. (3) . TXNIP controls glucose metabolism by inhibiting both its uptake and breakdown by cells.
The fact that, TXNIP is primarily localized in the nucleus and most of its target genes are downregulated prompted Xu et al. to assume that TXNIP might affect gene expression by regulating microRNA expression [46] . Indeed, they demonstrated that TXNIP upregulated expression of several miRNAs including miR-204 that mediated the TXNIP induced inhibition of insulin production. MiR-204 was shown to function through downregulation of MafA, which is a known transcriptional regulator of insulin gene [46] . TXNIP has also been shown to down-regulate miR-124a expression, a microRNA known to directly target FoxA2, a transcription factor that regulates expression of islet amyloid polypeptide [41, 42] . IAPP has been shown to aggregate into insoluble amyloid fibrils found in islets of most individuals with type 2 diabetes and promotes inflammation and beta-cell cytotoxicity [34] [35] [36] . TXNIP, therefore, enhances the expression of IAPP through miR-124a and FoxA2 [42] . In addition, TXNIP upregulates miR-200 expression in pancreatic β -cells, which targets a key transcription factor zinc finger Ebox-binding homeobox 1 (Zeb1) [40] . Downregulation of Zeb1 by TXNIP/miR-200 results in β -cell apoptosis. MiR-200 also controls and increases expression of the epithelial marker E-cadherin, an important regulator of epithelialmesenchymal transition (EMT), a process thought to be involved in β -cell expansion. MiRNA-200 increases Ecadherin expression by downregulating the expression of transcription factors ZEB1 and SIP1, which are known to negatively control E-cadherin expression [89] . Interestingly, the expression of miR-124a, miR200 and miR-204 are altered in the diabetic condition consistent with the increased expression of TXNIP [40] . TXNIP regulation of β-cell functioning through micro RNAs is illustrated in Fig. (4) . Fig. (4) . TXNIP regulates the expression of several micro RNAs to control multiple aspects of pancreatic β-cell biology.
TXNIP IS A POTENTIAL THERAPEUTIC TARGET
TXNIP has attracted considerable attention due to its multiple functions impacting several aspects of energy metabolism and numerous studies suggest that interventions designed to modulate the activity of TXNIP might be beneficial in the prevention/management/cure of diabetes mellitus. Several lines of evidence from animals and human studies strongly support the assumption that inhibition of TXNIP is a potential therapeutic approach to counter metabolic abnormalities associated with obesity and diabetes mellitus. First, TXNIP expression is strongly upregulated by glucose in a variety of cell types and elevated levels of TXNIP are found in diabetic human subjects and animal models of diabetes mellitus [34, 77, 90, 91] . Second, expression of TXNIP is also regulated by insulin, amino acids, nutritional signals like feed-fasting and anti-diabetic drug metformin, suggesting its importance in the regulation of metabolic homeostasis [10, 22, 24, 28, 29, 55, 92, 93] . Third, overexpression of TXNIP in animal models is associated with metabolic abnormalities including apoptosis of pancreatic β -cells; reduced insulin sensitivity and decreased energy expenditure [14, 35, 42, 94] . In contrast, deficiency of TXNIP is beneficial and animals lacking TXNIP have normal insulin sensitivity and do not develop diabetes or other metabolic abnormalities [34, 52, 94] . Anti-diabetic agents like Insulin, metformin, GLP-1 agonists and resveratrol have all been shown to inhibit TXNIP expression [24, 27, 95, 96] . Metformin and resveratrol are known activator of AMPK, which in turn inhibits expression of TXNIP mRNA and augments degradation of TXNIP protein [76, 92] . GLP-1 receptor agonists regulate expression of TXNIP by accelerating its proteosomal degradation in a cAMP/PKA dependent manner [27] .
Prof Anath Shalev's group in University of Alabama who were the first to discover TXNIP as the most dramatically up-regulated gene in response to glucose in pancreatic islets [28] , identified verapamil (FDA approved drug for hypertension) as an inhibitor of TXNIP expression and demonstrated that oral verapamil restored β -cell health and ameliorated metabolic abnormalities in animal models of T1DM and T2DM [32, 97] . They are currently evaluating the efficacy of verapamil in a phase 2 randomized trial in patients who have developed T1DM within the previous three months. The idea is based on the assumption that newly diagnosed T1DM patients do not have comprehensive β-cell loss and the residual β-cells can be saved from further impairment by reducing the levels of TXNIP. This view was reinforced by a recent study in which diabetic subjects that received verapamil had fasting serum glucose levels significantly lower than their peers who were not receiving verapamil [98] . Remarkably, verapamil was very effective in subjects with T1DM or late-stage T2DM (both conditions characterized by β-cell death) but no effect was seen in subjects with early-stage T2DM (characterized by insulin resistance but no beta cell loss) [98] . This comes as a surprise because TXNIP is a significant player in regulating insulin sensitivity of peripheral tissues and reduced insulin sensitivity is hallmark of T2DM. One possible explanation is that verapamil may not downregulate TXNIP expression in adipose, liver and muscle and thus, has no effect on insulin sensitivity of these tissues. Apart from β-cells, verapamil had been shown to inhibit TXNIP expression in H9C2 cells and primary adult cardiomyocytes but verapamil effect on TXNIP expression in other cell types is not known [99] . Allopurinol, a drug used to treat gout and hyperuricemia also reduces TXNIP levels in animals and cultured cells. Interestingly, allopurinol has been shown to restore insulin sensitivity [100] and ameliorate cardiovascular [101, 102] and renal complications [103] associated with T2DM. Another drug, tranilast (n- [3,4-dimethoxycinnamoyl] anthranilic acid) used in Japan and South Korea for bronchial asthma, attenuates the up-regulation of TXNIP in streptozotocin induced diabetic animals [104] and several studies have highlighted the beneficial effects of tranilast in diabetic nephropathy and cardiomyopathy [105] [106] [107] . It remains to be seen whether the beneficial effects of these drugs on diabetic associated complications are a direct result of reduced TXNIP expression.
THERAPEUTIC TXNIP INHIBITION AND POSSI-BLE RISKS
Intense efforts are on to develop small molecules that could inhibit TXNIP with high efficacy and selectivity and ameliorate metabolic abnormalities associated with diabetes mellitus. If successful, TXNIP based approach may achieve the requirement of a perfect anti-diabetic therapy by not only improving insulin secretion and sensitivity but also amelio-rating global pathology of diabetes, including cardiovascular and microvascular complications. However, there are fears that loss of TXNIP might have serious consequences and one must proceed with caution with the use of TXNIP inhibitors. TXNIP expression is required for maintaining normal fasting glycaemia and TXNIP deficient animals suffer from hypoglycemia that is exacerbated by fasting and the liver of these animals is intrinsically defective in maintaining blood glucose levels through glucose production and release [10, 12] . Therefore, use of TXNIP inhibitors could potentially be associated with an elevated risk of hypoglycemic episodes. In addition, loss of TXNIP is associated with increased incidence of cancer and TXNIP expression is reduced in various human cancer cells [108] [109] [110] . TXNIP functions as a tumor suppressor and down-regulation of TXNIP contributes to cancer progression [62] . Consequently, one of the major concerns arising from pharmacological suppression of TXNIP is the possibility of increased risk of carcinogenesis.
MOVING FORWARD
TXNIP has emerged as a leading player in the regulation of metabolism and a prospective therapeutic candidate. Great progress has been made in the last few years and our understanding of TXNIP biology and its role in metabolic regulation has become fairly clear. However, more work is needed to comprehensively understand the signaling mechanisms involved in the physiological functions of TXNIP. In particular, little is known about the specific mechanism(s) by which TXNIP regulates insulin sensitivity in peripheral tissues although the role of AMPK and PTEN phosphatase has been pointed out. It is also not clear whether increased TXNIP expression is just a consequence or actually a cause of diabetes. The most likely possibility is that up-regulation of TXNIP is a short term response to high calories diet but repeated bouts of over-nutrition lead to a permanent increase in TXNIP expression and accompanying adverse effects. One of the critical questions regarding the molecular function of TXNIP and other α-arrestins is whether they are capable of regulating the trafficking of receptors as β-arrestins do. Recent evidence suggests that α-arrestins like ARRDC3 and ARRDC4 are involved in the regulation of endosomal sorting and intracellular signaling of β2-Adrenergic receptor [111] [112] [113] . G-protein coupled receptors (GPCRs) are involved in almost all the aspects of metabolic homeostasis [114] [115] [116] [117] [118] [119] and it is highly likely that TXNIP, which has apparent structural similarity to ARRDC3 and ARRDC4 may be involved in the trafficking and signaling of GPCRs. Furthermore, TXNIP has been shown to bind glucose transporter (Glut1) and regulate its endocytosis in TRVb-1 cells [76] and it remains to be seen whether TXNIP directly interacts with glucose transporters in insulin sensitive tissues like muscle and adipose. TXNIP does inhibit glucose transport in these tissues [52, 120] ; however, it is not clear if this is facilitated by direct binding of TXNIP to the glucose transporters.
CONCLUSION
Notwithstanding the gaps in the knowledge, data from studies on animals, cell lines and human subjects have provided considerable and convincing evidence that TXNIP impacts almost all the aspects of energy metabolism. In animal models, there is definite proof indicating the contribution of TXNIP in the development of retinopathy, nephropathy and cardiovascular complications associated with diabetes mellitus, even though it remains to be demonstrated in humans [23, [121] [122] [123] . Therefore, targeting TXNIP is believed to offer a unique therapeutic opportunity to not only improve insulin secretion and sensitivity but also ameliorating global pathology of diabetes, including cardiovascular and microvascular complications. Efforts are on to find novel TXNIP inhibitors for anti-diabetic therapy and attention is likely to focus on the identification of inhibitors that could only reduce the expression and/or activity of TXNIP to nondiabetic levels so as to avoid damaging consequences of complete loss of this protein. 
LIST OF ABBREVIATIONS

CONFLICT OF INTEREST
The authors confirm that this article content has no conflict of interest.
